Bacterial wilt caused by Xanthomonas vasicola pv. musacearum (Xvm) is an important disease of enset and banana in south and south-western Ethiopia where, the diversity of the insect fauna on banana inflorescences was unknown and the role of insects as vectors of the disease had not been studied. The objectives of this study were to assess the occurrence of bacterial wilt and male bud infection, the diversity of insect families in banana plantations and the presence of the bacteria on insects collected from diseased inflorescences in south and southwestern Ethiopia. Surveys were carried out and insects were collected from three different zones in 2005. The diversity and richness of the insect families was assessed across sites and genotypes and comparisons were made using the Shannon Diversity Index and the Jack knife estimator, respectively. Correlations were made between the abundance and incidence of insects with the incidence of male bud infection on 'Pisang Awak' plants. A wide range of insect families were recorded and they varied according to banana genotype and altitude. The Drosophilidae and Apinae families were most frequently recorded across sites and genotypes. The 'Wendo' variety (AAA Cavendish group) had the highest diversity and richness of insect families within and across sites. In contrast to the Kembata Tembaro and Bench Maji zones, severe and widespread male bud infection of banana was found in Kaffa, where there was a high diversity of insects on the 'Pisang Awak' and 'Abesha muz' plants. The incidence of male bud infection on 'Pisang Awak' plants was highly correlated with the incidence of insects (R 2 = 0.964). The incidence of male bud infection however depends on the floral morphology and altitude. Artificial inoculation with Xvm ooze on fresh male bract and flower scars resulted in infections on 'Pisang Awak' and 'Abesha muz' plants, but the 'Dwarf Cavendish' plants with persistent bracts and flowers remained healthy. Few male bud infections were observed at altitudes above 1,700 masl. Xvm was isolated from Apinae, Lonchaeidae, Muscidae, Tephritidae and Vespidae insect families. Lonchaeidae (Silba spp.) were frequently observed on banana bract and flower scars and could thus be an important insect vector of Xvm in Ethiopia.
RÉSUMÉ
Bactérien flancher causé par Xanthomonas vasicola pv. musacearum) (Xvm) est une maladie importante d'enset et la banane dans la region du Sud et du Sud Est Ethiopienene, la diversité de la faune d'insecte sur les inflorescences de banane était inconnue et le rôle d'insectes comme les vecteurs de la maladie n'était étudiés. 
INTRODUCTION
In Ethiopia, banana is the second major fruit crop after citrus (Gebre Mariam, 1999) . All types of bananas are eaten as dessert in Ethiopia. The main banana growing areas are located at Arba Minch, 1,200 metres above sea level (masl) in southern Ethiopia, and in south western Ethiopia along the Kaffa-Bench Maji axis (1,050 -1,700 masl) (Addis et al., 2004) . Throughout the main enset growing areas, and below 2,100 masl, a few banana plants can be found on most enset farms. The total annual banana production in Southern Ethiopia is 190,118 tones (CSA, 2002) . However, this production is threatened by among other factors Xanthomonas wilt (XW) caused by Xanthomonas vasicola pv. musacearum (Yirgou and Bradbury, 1968; Ashagari, 1985; Peregrine and Bridge, 1992; Tessera and Quimio, 1994) . XW has been endemic to Ethiopia infecting enset and banana for over 50 years and was first reported and described in late 1960's (Yirgou and Bradbury, 1968; 1974) . The disease has in recent years spread to Uganda, the Democratic Republic of Congo, Rwanda, Tanzania and Kenya where numerous banana plantations are devastated (CABI, 2003; Tushemereirwe et al., 2003; 2004; Ndungo and Kijana, 2004; Mugenzi et al., 2006 : Ndungo et al., 2006 . Yield losses of up to 70% have been reported in beer banana (ABB group) dominated plantations in central Uganda (Karamura et al., 2006) . Disease spread on banana mainly occurs through the use of contaminated farm tools and with insect vectors which visit male bract and flower scars (EdenGreen, 2004) .
Xanthomonas vasicola pv. musacearum is widely spread especially in South and SouthWestern Ethiopia where enset and banana are commonly grown (Yirgou and Bradbury, 1968, 1974; Ashagari, 1985; Addis et al., 2004) . Although the epidemiology of XW has not been systematically studied in Ethiopia, there is evidence that infection by Xvm occurs via inflorescences and that the disease is transmitted by insects under field conditions (Eden-Green, 2004; Tinzaara et al., 2006) . However, little information is available in Ethiopia with regards to insect diversity and their role as potential vectors for Xvm on banana. Such information is vital to establish an integrated management strategy against XW. The objectives of this study were, therefore to assess the occurrence of bacterial wilt and male bud infection, the diversity of insect families in banana plantations and the presence of bacteria on insects collected from diseased inflorescences in South and SouthWestern Ethiopia.
MATERIALS AND METHODS
Description of the study sites, Musa genotypes grown and XW incidence. On farm assessments of banana genotypes grown, XW presence and insect vector transmission work was carried out in the Southern Nations Nationalities Peoples Region (SNNPR) of Ethiopia. The whole SNNPR has a total area of about 118,000 km 2 accounting for 10% of the total area of the country. The region is divided into 12 zones having 72 districts and five special districts based on ethnicity and language. The zones found in this region are: Bench Maji, Dawro, Gedeo, Gurage, Hadyia, Kaffa, Kembata Tembaro (KT), North Omo, Shaka, Sidama, South Omo, and Wolyita. The southern region of Ethiopia lies between 4°27' and 8°30' latitude North and 34°21' and 39°11' longitude East. The elevation in the region ranges from 376 to 4,207 masl with the lowest elevation found near Lake Turkana in South Omo zone and the highest peak on mount Guge in North Omo.
The study was conducted between 1 st June and 18 th November 2005 at three different zones namely, Bench Maji (1,350 -1,750 masl), Kaffa (1,350 -1,750 masl) and Kembata Tembaro (1,800 -2,100 masl). In the Bench Maji and Kaffa zones, one representative district i.e., Bench and Gimbo respectively, were selected. Two representative districts namely, Kachabirra (1,800-1,900 masl) and Kadidagamella (>2000 masl) were selected in Kembata Tembaro. At Bench Maji, 15 farms were assessed from 3 peasant associations (1,350-1,700 masl), while 11 farms were assessed from 5 peasant associations in Kaffa (1,600-1,750 masl). The first surveyed distict in Kembata Tembaro was Kachabirra where 5 farms were assessed (1806-1885 masl), while in the second Woreda Kadidagamella 3 farms (2,090-2,100 masl) were assessed. Thirty plants per genotype present at a site and across all farms in a site were assessed for XW based on visible disease symptoms (Tushemereirwe et al., 2003) . The incidence of male bud infection was also recorded.
Insect collection and identification. At each of the three zones, insects were collected from the female and male flowers of 30 plants per genotype using a cotton bag. Insects which were considered morphologically similar were sorted, counted, labelled and put in vials containing 95% alcohol. Further sorting of insects was continued using a stereomicroscope (10-250X) at the Crop Protection Laboratory of the Hawassa University, Awassa, Ethiopia. The insects were then identified to family level at the Entomology Laboratory, Department of Biology, Addis Ababa University, Ethiopia. Further identification of insects to the genus and in some cases to species level was carried out at the National Museum, Wales, UK. Voucher specimens were deposited at the Crop Protection Laboratory of the University of Hawassa. Different insect guilds including sap feeders, pollinators, herbivores and predators were recorded.
Insect diversity and richness.
The insect richness was estimated using the incidence based on first-order Jack knife estimator Overtone 1978, 1979; Heltshe and Forrester, 1983) . Family-level diversity was calculated for each genotype per site using the Shannon diversity index. The richness estimators and diversity index were calculated with Estimates (Coldwell, 2005) . One way ANOVA was used to determine the variation in Richness estimates and diversity indices for each genotype, within and across sites and at different altitudes using the GenStat for Windows statistical package (Genstat, 2003) . Means were separated and compared using the 95% confidence interval derived from Tukey.
The relationship between Xvm male bud infection and insect incidence/abundance. This study was conducted at the "Kajaraba" peasant association (1,600 masl) in the Kaffa zone where male bud infection was widespread. The collection of insects and the assessment of wilt incidence were done monthly for five consecutive months starting from June 2005. During each month fifty 'Pisang Awak' plants whether diseased or healthy with a complete inflorescence were randomly selected. Insects were collected from the male inflorescences using a cotton bag. The evaluation of wilt incidence was carried out based on male inflorescence symptoms as described by Tushemereirwe et al. (2003) . The wilt intensity was calculated monthly as the proportion of plants with an inflorescence infection. Correlations between abundance of insects and wilt intensity were made using the GenStat for Windows statistical package (Genstat, 2003) .
Artificial inoculation of Xvm on banana flower and bract scars. This study was conducted at Bonga, Kaffa zone on farmers' fields at an altitude of 1,800 masl. There was no Xvm in this area prior to the trial. For each of the three genotypes namely, 'Pisang Awak', 'Abesha muz', and 'Dwarf Cavendish', ten flowering plants were used. The oldest set of male flowers and corresponding bract of the 'Pisang Awak' and 'Abesha muz' plants were gently removed and bacterial ooze obtained from a freshly cut infected pseudostem was smeared on the bract scars and moist cushions of the male flowers. 'Dwarf Cavendish' is a variety which has persistent bracts and flowers. For this variety, parts of the old dried neutral/male flowers were gently removed and bacterial ooze was smeared on the tiny underdeveloped fruits which became visible. All treated inflorescences were subsequently covered with a woven plastic bag until the study ended. Xvm infections were assessed 45 days after inoculation. In case a flower infection was observed, true stem/ pseudostem sections were cut to verify the presence of bacterial ooze.
EVALUATION OF INSECTS AS POTENTIAL VECTORS OF XVM
Collection of insects. Insects were collected from diseased male inflorescences of 'Pisang Awak' plants grown at Bonga, Kaffa zone. The insects were collected using a cotton bag with a glass jar attached to the terminal side. The bags were used to envelop the male flower. Sixty insects were sampled from the following families: Apinae, Drosophilidae, Lonchaeidae, Tephritidae, Muscidae and Vespidae.
Culture media and Xvm isolation. Immediately after collection of the insects, the isolation of Xvm from the insect's bodies was carried out at the Veterinary Laboratory in Mizan Tefferi, Bench Maji zone. A selective media was used for Xvm isolation (Schaad and Stall, 1988) . Yeast extract Peptone Glucose Agar (YPGA) suspended in one litre distilled water with a pH of 7.4 was prepared.
The media were poured out aseptically into sterile petri-dishes having a diameter of 10 cm and kept under sterile conditions. The insects collected from male inflorescences were grouped into two groups. The first group consisted of 10 insects which were deliberately contaminated by dipping them in fresh Xvm ooze collected from infected field grown plants. These insects were subsequently washed with diluted liquid media. These insects were labelled as Treated Check Insects (TCI). The second group of insects consisting of 50 insects, labelled as Field Collected Insects (FCI), were left untreated. These insects were also washed with diluted liquid media. From each suspension a sub sample of 10 ml was mixed with 100 ml diluted liquid media. The liquid media was then shaken for 10 minutes at 300 rpm using a shaker. A loopful of the suspension was streaked on YPGA plates and replicated five times per insect species and group. Xvm was also isolated from an infected banana plant. This Xvm ooze was also diluted in the liquid media and streaked on YPGA plates in five replications. The plates were incubated at 28 0 C for 48-72 hours according to Schaad and Stall (1988) . The TCI and Infected Plant Part (IPP) were used as a positive control in order to check the similarity of the bacterial wilt colonies. The Xvm was further identified based on colony morphology descriptions established by Wardlaw (1972) . Pure colonies were transferred to fresh YPGA slants incubated at 28 0 C for 72 hours and preserved at 4 0 C at Awassa, Ethiopia for further experimental work.
RESULTS AND DISCUSSION
Musa genotypes grown and XW incidence. The banana genotypes 'Pisang Awak' (ABB genome) (Pillay et al., 2006) , 'Abesha muz' (highland AAA), 'Uganda red' (AAA), 'Dwarf Cavendish' (AAA), 'Melkasedi' (AAA Cavendish group), 'Wendo' (AAA Cavendish group) and 'Italy' (AAB) are cultivated in Kembata Tembaro. 'Pisang Awak' and 'Abesha muz' are commonly grown in the Kaffa area, while 'Dwarf Cavendish' is the predominant genotype in Bench Maji.
The incidence of XW varied across the study sites (P = 0.05). In Kaffa, bacterial wilt was widespread and male bud infections were commonly observed on 'Pisang Awak' and to a lesser extent on 'Abesha muz' grown at 1,600 masl. The first report of banana wilt from Kaffa, SouthWestern Ethiopia indicated that the cultivar 'Du Casse' was highly susceptible to Xvm (Yirgou and Bradbury, 1974) . 'Du Casse' or 'Ducasse' is a synonym for 'Pisang Awak' and 'Kayinja' (ABB) (Jones, 2000) . XW was also observed in Kembata Tembaro (>1,800 masl) but no male bud infections were recorded. On the other hand, no bacterial wilt was observed in Bench Maji where 'Dwarf Cavendish' a variety with persistent male bracts and flowers is predominant. The survey also revealed a decrease in male bud infection with increasing altitude in sites where 'Pisang Awak' and 'Abesha muz' are commonly grown (Fig. 1) . Very few male bud infections were observed in areas above 1,700 masl. Addis et al. (2004) also reported that male bud infection was common on 'Pisang Awak' mats in areas below 1,700 masl. This observation is in agreement with what was reported in Masisi (mainly > 1,700 masl) in the eastern part of the Democratic Republic of Congo where 90% of bananas are 'Pisang Awak' and where very few male bud infections are observed . The absence of insect vector transmission and hence male bud infections may prevent a fast spread of the disease in areas above 1,700 masl. However, transmission with contaminated farm tools remain the main mode of XW spread in such areas.
Diversity and abundance of insect species on banana and their relationship with XW intensity.
A total of 4,695 insects were collected from the three study sites. The collected insects belonged to 5 orders and 17 families ( Table 1 ). The highest proportion of insects were in the order Diptera (88.6%) followed by Hymenoptera (6%) ( Table  2 ). The most common insect families were the Drosophilidae and the Apinae ( Table 2 ). The highest mean number of insects were recorded on 'Dwarf Cavendish' and 'Wendo' plants, while the lowest numbers were found on 'Italy' and 'Uganda red' plants (Table 3) .
The incidence of male bud infection and XW was observed to be higher in lower altitudes (Fig.  1) . Across the three study sites, family level richness and diversity differed significantly (p<0.001). Family level richness and diversity were highest in Bench Maji, intermediate in Kaffa and lowest in Kembata Tembaro (Fig. 2) . 'Dwarf Cavendish' had the lowest family level diversity in Kembata Tembaro. Higher diversity and richness in insect families was observed at lower elevations compared to higher elevations (Fig.   Figure 1 . The relationship between altitude and the incidence of male bud infection and banana Xanthomonas wilt. 3). Family level diversity and richness also differed according to genotype (Fig. 4) . The lowest insect family richness and diversity was recorded from the genotype 'Italy' while 'Wendo' showed the highest insect family richness and diversity. In Kaffa where 'Pisang Awak' and 'Abesha muz' are the main genotypes, family level richness and diversity were higher on 'Pisang Awak' than on 'Abesha muz' (Fig. 5) . Nectar feeding insects were more commonly observed than sap feeders and predators (Table 4) . Large numbers of Lonchaeidae were observed feeding on sap oozing from bract scars in Kaffa (Table 5) . Nectar feeders were from the families Drosophilidae, Tephritidae, Apinae and Vespidae (Table 5) .
The relationship between male bud infection and insect incidence/abundance. There was a significant correlation between wilt intensity (male bud infection) and incidence of insects on 'Pisang Awak' in Kaffa (R 2 = 0.964). Similarly, there was a significant correlation (R 2 = 0.77) between the abundance of insect species and wilt intensity. The high correlation between wilt intensity and incidence, on one hand and abundance of insects on the other, indicates the possible involvement of insects in the transmission of XW.
Artificial inoculation of Xvm on banana flower and male bract scars. Both artificially inoculated 'Pisang Awak' and 'Abesha muz' plants showed 100% wilt symptoms 45 days after inoculation. Bacterial ooze and discolourations were observed only in the true stem/flower stalk of the infected plants indicating a true inflorescence infection. On the other hand, the 'Dwarf Cavendish' plants showed no wilt symptoms. Neither ooze nor discolourations were observed in the true stem and fruits of the 'Dwarf Cavendish' plants. The absence of infections on the 'Dwarf Cavendish' plants may be due to the flower and bract morphology. Silba sp. was frequently found feeding on sap from the male cushions of 'Pisang Awak' and 'Abesha muz' plants in Kaffa, where the incidence of male bud infection was severe. Earlier on, Tinzaara et al. (2006) reported that insects transmit the disease from sick to healthy plants as they feed on sap oozing from wounds on the inflorescences. Xvm easily ooze out of infected inflorescences whenever there is a wound. Insects most likely pick up bacteria from these wounds during feeding (Tushemereirwe et al., 2003) . Buddenhagen and Elsasser (1962) reported that insect vector transmission in banana occurs when bacterial ooze is carried by
Richness Diversity
Richness Diversity insects from infected peduncles to the moist cushions on the peduncle of a healthy plant.
Evaluation of insects as potential vectors of Xvm.
Xvm colonies were isolated from Apinae, Lonchaeidae, Muscidae, Tephritidae and Vespidae insect families (Table 6 ). These colonies had characteristics of Xanthomonas vasicola pv. musacearum. During the second round of isolations Xvm colonies were only detected on the family Apinae (Table 6 ). In Honduras, bees and wasps were found to carry Ralstonia solanacearum in Bluggoe plantations (Buddenhagen and Elsasser, 1962) . In Uganda, stingless bees and grass flies are suspected agents of Xvm (Tinzaara et al., 2006) .
CONCLUSIONS
There was a wide range of insect families in smallscale banana plantations in south and southwestern Ethiopia and their diversity varied with banana genotype and altitude. A higher insect diversity was found at lower altitudes and 'Dwarf Cavendish' hosted the highest diversity of insect families compared to the other banana genotypes studied. The Drosophilidae and Apinae families were most frequently recorded across sites and genotypes. The incidence of male bud infection on 'Pisang Awak' plants was highly correlated with the incidence of insects suggesting that insects could play a pivotal role in XW transmission through feeding on inflorescences. The incidence of male bud infection however depends on the flower morphology and the altitude. Plants with persistent male bracts and flowers may escape male bud infection due to the absence of flower and male bud scars/wounds on the peduncle. Male bud infections reduced with an increase in altitude. Bacteria were isolated 
